In the first step, experiments on a single cerium or ytterbium Kondo impurity reveal the importance of the Kondo temperature by comparison to other type of couplings like the hyperfine interaction, the crystal field and the intersite coupling. The extension to a lattice is discussed. Emphasis is given on the fact that the occupation number n f of the trivalent configuration may be the implicit key variable even for the Kondo lattice. Three (P, H, T ) phase diagrams are discussed: CeRu 2 Si 2 , CeRhIn 5 and SmS. In this article we will use the Kondo idea of strong local enhancement of the effective mass m * of the quasiparticle to understand the new features which appear in a Kondo lattice i.e for a regular array of Kondo paramagnetic centers. Thus an attempt will be given to classify the main parameters of a Kondo impurity and then to schematize the problem by simple relations in order to advance in the experiments on this complex quantum matter which is the Kondo lattice. For simplicity, we restrict the discussion mainly to Ce Kondo centers.
In this article we will use the Kondo idea of strong local enhancement of the effective mass m * of the quasiparticle to understand the new features which appear in a Kondo lattice i.e for a regular array of Kondo paramagnetic centers. Thus an attempt will be given to classify the main parameters of a Kondo impurity and then to schematize the problem by simple relations in order to advance in the experiments on this complex quantum matter which is the Kondo lattice. For simplicity, we restrict the discussion mainly to Ce Kondo centers.
Kondo impurity : hierarchy between T K and other couplings
The new insight into the Kondo effect is that due to the strong coupling with the Fermi sea below some Kondo temperature (T K ) the entropy of a single paramagnetic impurity can collaps at T → 0 K without further coupling with the other impurities.
One of the important message given by the study of a single Kondo impurity is that the Kondo energy k B T K is the key energy in the comparison of the electronic coupling given by the Fermi sea with other sources of interactions like the electronuclear hyperfine coupling A 1 or the crystal field effect C CF . 2 If k B T K ≤ A or C CF , the angular momentum J of the Kondo paramagnetic center will feel these inner structures, and only after the selection of a reduced effective spin, the Kondo effect will act and governs the low temperature properties.
A nice case is the hyperfine coupling between the electronic effective spin J and its nuclear spin I submitted to the combined effect of a magnetic field (H) and the Kondo exchange term (Γ) between J and s the spin of the conduction electron according to the hamiltonian H = A I · J + g J µ B H · J + g n µ n H · I − 2Γ J · s This situation was extensively studied by the nuclear orientation method on highly diluted radioactive nuclei. So far k B T K < A, in a first step I and J are coupled exactly like in atomic 1/16 physics. Then the Kondo effect will occur on the selected fundamental state F = I − J or I + J depending the sign of A. When k B T K ≥ A, the behavior of electronic spin will be first governed by the Kondo effect leading in magnetic field to an average value J z and thus an effective hyperfine field H ef f on the nuclei proportional to the magnetization. This idea is clearly demonstrated in nuclear orientation experiments realized notably on AuCe or LaCe alloys. 3 At zero pressure (P ), it was found for Au 137 Ce that the electronic spin is mainly coupled to the nuclear spin without any sensibility to any Kondo mechanism (i.e T K may be lower than mK) why already in LaCe a large reduction of H ef f is observed by comparison to a free electronuclear motion (k B T K ∼ A). Furthermore, here the measurements under pressure (see figure 1) 4 point out an increase of T K by a factor 5 from 120 mK at 0.2 GPa to 600 mK at 1 GPa. The high degree of localisation of the 4f electron on the 4f shell (occupation number n f ) is also nicely proved by the weak variation of the saturated value. An illustration of the interplay between the Kondo effect and the hyperfine coupling was
given by the study of the resistivity of AuYb realized with different isotopes and thus different hyperfine couplings. 5 Hyperfine measurements either by nuclear orientation 6 or Mössbauer effect 7 push the limit of T K below the millikelvin range. The element Yb has a number of stable radio-isotopes ; 171 Yb and 173 have nuclear moments with opposite spin. By choosing the 171 Yb isotope, with spin I = 1/2, the positive sign of A leads to a zero angular momentum
Resistivity measurements on figure 2 show the breakdown of the Kondo the maximum in the Kondo scattering coincides with the temperature where the singlet electron nuclear state becomes isolated from the triplet excited level (after Hebral et al.).
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A highly discussed problem is the interplay between k B T K and C CF . Experiments notably on Al 2 LaCe (see 2, 8 have shown also that provides k B T K ≤ C CF , the Kondo effect at low temperature is realized on the doublet ground state Γ 7 for this cubic material. Under pressure, as we will see later, the Kondo temperature will increase strongly while the crystal field splitting has a smooth pressure variation. The recovery of the full degeneracy under pressure at a pressure P V is an important issue in the change of a single Kondo behavior but also in the properties of the Kondo lattice.
When the impurity cannot be considered as isolated among the Fermi sea, one must discuss the interplay between the Kondo energy and the intersite coupling E ij . For an effective spin equal to 1/2 i.e for a high degree of the 4f localisation (n f ∼ 1), E ij can be mediated by the well known Ruderman, Kittel, Kasuya, Yoshida interaction (RKKY) carried out by the light electron. As a function of Γ and N (E F ) the density of states of the light electron, k B T K and E ij can be written 9 as
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with ΓN (E F ) = ∆/E 0 and k B T F = N (E F ) −1 . ∆ and E 0 correspond respectively to the line width and position of the virtual 4f bound state. These two terms fix n f . When k B T K ≥ E ij at a critical pressure P C , the long range magnetism will collapse according to the popular Doniach scheme. 10 However, the effects in the Kondo lattice may be more subtle, when k B T K crosses C CF at P V , E ij will drop by one order of magnitude. 11 Thus P C can never exceed P V .
Of course, now, the electronic conduction bath is not infinite by respect to the number of cerium sites.
From the impurity to the lattice
Three different views can be taken for the collapse of long range magnetism : (1) the previous Doniach scheme, 10 (2) the generalisation of the spin fluctuation theory successfully applied for 3d itinerant magnetism, 12 (3) a push pull mechanism between magnetic and electronic instability strongly related with a change in the occupation number. In the case (1), the Fermi surface is basically assumed to be that given under the assumption of a localized 4f electron.
In case (2), the 4f electron is considered to be already itinerant at a pressure P KL ≤ P C . However, in case (3), the quantum effects are furtive with the interferences between spin dynamics, charge motions and their localization.
If the collapse of long range magnetism is via a second order phase transition, one may expect a divergence of the magnetic coherence length ξ m at P C coupled with a collapse of a characteristic temperature. In spin fluctuation theory, the corresponding temperature T sf vanishes as (P − P C ) α with α = 1 or 3/2 for antiferromagnetism or ferromagnetism. 12 If the hidden parameter is the occupation number, one may expect a tiny discontinuity in volume and thus a first order transition with the consequence of finite value of ξ m and related low Kondo lattice energy T KL . Figure 3 mimics the situation of Ce 3+ and Yb 3+ which corresponds to the trivalent configuration 4f 1 and 4f 13 . The Kondo phenomena is linked with the release of 1 − n f electron from Ce 3+ or the addition of 1 − n f electron to Yb 3+ according to the scheme:
For a single impurity, the expression of T K as a function of the occupation number is given
of course T K depends as n f of the value of E 0 and ∆ (the degeneracy factor N f has been dropped). In a lattice, there will be a feedback between the Kondo effect on a given site and
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Yb 3+ n f Ce 3+ n f 1-n f 1-n f Fig. 3 . It is the tiny departure from n f = 1 by the release of (1 − n) 4f electrons for the trivalent Ce impurity or the absorption of 1 − n f electrons for Yb ion which leads to the Kondo effect.
the Fermi sea. That pushes to propose for the lattice a simple form for T 3+ KL equal to :
KL is attributed to the 3+ configuration (Ce 3+ or Yb 3+ ) during its lifetime. (The missing factor n f in formula 2 will be recovered as the average susceptibility will vary as n f χ 3+ ∼ T −1 KL n f .) Looking only to the low carrier doping (i.e neglecting the Brillouin zone). The corresponding relation for T KL for Ce 3+ and Yb 3+ configuration will be:
where D 0 is the 5d bandwidth and independent of n f . A sound discussion on the relation between T KL , n f and n c the extra conduction number in the lattice can be found in Trees et al., 13 and Ikeda and Miyake et al. 14 In this crude model, the striking point is that the dependence T KL for the Ce 3+ configuration will increase continuously as n f decreases. For the Yb 3+ one, as the original free 5d electron becomes absorbed in the 4f 14 configuration, T KL will go through a maximum. Thus slow relaxing Yb 3+ (but also Sm 3+ ) moments characteristic of the trivalent configuration can survive even for a rather weak occupation number (n f ∼ 2.7).
We want to point out, that one can expect drastic differences between Ce and Yb (or Sm) compounds in the magnetic properties near P C . Furthermore, the underlining idea is that the effective mass m * will be finite even at P C and is basically determined by T K . The nondivergence of m * appears clearly in the superconducting phase coupled with the collapse of the antiferromagnetic ordering at P c . Rather moderate values of the strong coupling parameter is required for a good fit of the upper critical field.
but the associated coherence length ℓ LK associated with T KL and m * can strongly increase near P C . Furthermore, the 5d electrons may react to the 4f correlations. So D may depend on a less trivial form on n f . For example, D(n f ) may reach a high value for n f → 1 and a weak one for n f ≤ 2.8. An illustration will be given below with the gold phase of SmS where obviously at small enough pressures (P < P ∆ see later) the 5d electron prefers to be trapped
around the Sm centers. The relation of the pseudogap shape of D with n f is a central issue in strongly correlated electronic systems and will not be discussed here.
The key problem is to derive a characteristic temperature for the lattice. It is amazing that in the limit of low carrier density it was proposed that T KL varies as n 1/3 . 16 With the previous relation 4, this prediction is recovered in the Yb case remaining that
Another suggestion was that T KL goes like T 2 K , 17 an expression not so far to the initial T 5/3 K law proposed for the Ce case. An appealing possibility is that as the effective mass increases, its coherent circulation over the Kondo loop increases. If ℓ KL is proportinal to m * , the heavy particle of mass m * will travel through the full Kondo loop after a time τ KL ∼ (m * ) 2 . Of course the great novelty is that the situation is different from that found in normal rare earth intermetallic compound where the information is carried by light particles with mass near the bare electronic mass m 0 over a small atomic distance a 0 leading to a fast response τ 0 ∼ m 0 a 0 .
This slow motion over large distances may lead to unusual time and space response of the quasiparticle.
Pressure effects
Discussing the pressure variation of T K for a single impurity requires to know the relative pressure variation of ∆ and E 0 . The expression for ∆ as a function of the hybridization term v dk between the f and light electron is :
The pressure increase of ∆ is related to the increase of the bandwidth of the Fermi sea. It is wellknown for normal metal that the volume variation of T F is governed by the increase of the atomic density leading to a Grüneisen parameter − ∂ log T F ∂ log V = Ω F = +2/3. If we assume v dk ∼ N (E F ) −1 one recover the formula suggested for the Kondo lattice as ∆ ∼ T F . The high sensitivity of the cerium impurity to P can be easily understood (assuming E 0 fixed) by the weakness of ∆/T F ∼ 10 −2 in comparison to E 0 /T F ∼ 0.2. After equation 1, with T K equal to:
If E 0 is reduced of course there will be an extrasource of an amplification.
Another evaluation of Ω T K can be made via the relation 2. Of course T K depends on two parameters, n f and ∆ but assuming ∆ = T F , the main source of variation of T K arises through that of n f :
with the crude estimate that n f varies linearly with the volume according to Vegard's law :
and V 4+ being the volume attribute to the 3+ and 4+ configuration. One gets
For V 3+ −V 4+ = 0.5V 3+ (the 4f configuration is in fact never reached for the cerium case) , the Grüneisen parameter of T K will be Ω T K ∼ 2(1 − n f ) −1 . For cerium heavy fermion compounds
Basically, Ω T K and m * K , the local effective mass due to the Kondo effect m * K ∼ 1 T K scale each other. As pointed out, 21 a constant ratio Ω/m * K will imply a logarithmic dependence of the interaction responsible for the dressing of the quasiparticle. Recent developments in high energy spectroscopy of Kondo systems have lead to a direct charge visualization of the Kondo resonance for cerium intermetallic compounds. However, the extrapolation to the single impurity parameter is not straightforward (see Malterre et al. 18 ). Let us stress here that qualitatively the results obtained on Ce compounds agree with our previous statements. The situation is far less clear for the the Yb systems. It was already underlined that the differences reflect a smaller interconfiguration energy in the Yb case than in the Ce one. For Ce, the 4f 0 and the 4f 1 configurations are separated by 2 eV. For Yb, the separation can be less than 100 meV. 18 In temperature, the experimental Grüneisen parameter defined as the ratio of the thermal
∂T by the specific heat C (normalized by the molar volume V and the compressibility κ) is a simple powerful tool to test if the free energy F depends only on one parameter (T * , here T K for a single impurity) as if :
V κ Typical values for Kondo impurity are around 50. The remarks of large Grüneisen parameters for heavy fermion compounds were made in., 1920 The thermal expansion is huge as it goes then as (m * ) 2 . If m * is three order larger than the bare electronic mass, the corresponding electronic thermal expansion is six times higher than the usual electronic one. That leads us to suspect that the density fluctuations are crucial in the heavy fermion problems and notably in Cooper pair pairing.
When we will consider the lattice, the study of the ratio α/C in temperature is a sound cheap way to test if competing interactions occur. The slow recovery of a constant Ω(T ) is the indication to the "'tenuous"' entrance in a Fermi liquid regime. In spin fluctuation theory, the effective mass increases at P c but stays finite while Ω * (P c ) diverges. 12 The tetragonal compound CeRu 2 Si 2 at zero pressure realized ideal conditions for the understanding of a high correlated Kondo lattice : P C ∼ −0.3 GPa will be located few kbar below P = 0, furthermore P V is near 4 GPa. 23 So a large pressure range exists for a careful study of a spin 1/2 Kondo lattice. The tuning below P C can be even achieved by expanding the lattice with lanthanum 24 or germanium substitution. In the serie Ce 1−x La x Ru 2 Si 2 , antiferromagnetism (AF) is only detected for x ≥ 0.075. The figure 4 represents the specific heat data for well ordered compounds x > 0.075 and a paramagnetic ground state x = 0.075. In the x = 0.05 paramagnetic case, the slow increase of C/T on cooling reflects the so called large crossover non Fermi liquid regime. The usual Fermi liquid dependence of C/T for a nearly
will only by recovered at very low temperature. By contrast to the single Kondo effect governed The excellent quality of large crystal have allowed two important microscopic experiments.
Inelastic neutron measurements show clearly that antiferromagnetic correlations set in at T −,+ ; even at T → 0 K, the coherence length is restricted to few atomic distances. 15 
De Haas van
Alphen experiments needs the itineracy of the f electrons to be explained selfconsistently with band calculations at least P KL ≤ P V . An effective mass up to 120 m 0 has been detected. 26, 27 Applying pressure in CeRu 2 Si 2 leads to a strong decrease of m * (Ω * (P = 0) ∼ 190). 28 The derivation of the pressure variation of the Grüneisen parameter shows that Ω * reaches another plateau at P V ∼ 4 GPa with Ω * (0) = 80.
An external magnetic field can modify the nature of the magnetic interactions. The metamagnetic field H C characteristic of the AF (H, T ) phase diagram ends up at a critical point at P C . 29 For P ≥ P C , only a well defined crossover at H M will occur between a low field state The switch from AF to F correlations, 15 , 3031 have been nicely observed in neutron scattering experiments as well as associated drastic changes of the Fermi surface through H M . 26, 27 It is worthwhile to underline that P and H are generally different. Under pressure here, the dominant AF correlations are preserved, but slowly mollified on approaching P V . So the phenomena at P c for H < H M can be ranked as AF quantum critical behavior. In H there 9/16 is a switch in the nature of the correlations at H M which emerges from a critical end field H c (P c ). However the change from AF to F interactions is governed by the H shift of the Fermi level inside the pseudogap structure created in this Kondo lattice. 33 Thus the quasi divergence of Ω * (H, P = 0) occurs at H M . 15 If H c will continuously collapse with T N as P → P c , the magnetic field opens the possibility to tune at low magnetic fields through P c . 32 Towards these clear facts, the paramagnetic phase of CeRu 2 Si 2 may be the matter of new motions (magnetic current) as a tiny magnetism (sublatice magnetization near 10 −3 µ B ) has been detected around T ∼ 2K 34 with an associated signature in the thermoelectric power. 35 An appealing possibility of this furtive magnetism is that it will be a macroscopic consequence The interesting perspective is that the magnetic instability is associated with a change in the localization of the particle (i.e in a discontinuity of n f ). Indeed for CeIn 3 , 37 CePd 2 Si 2 38 and CeRh 2 Si 2 , 39 P C = P V and first order transitions at P c are observed 37, 39 or strongly suspected. 38 Of course, the transition may be weakly first order as large fluctuations are generally observed in the specific heat. It is worthwhile to compare with the first order liquid-solid transition of 3 He where on the melting curve at P ∼ 34 bar the volume discontinuity is near 5%. For heavy fermions, P c is often around 3 GPa, i.e. three orders of magnitude larger than in 3 He. Thus a volume discontinuity of 5 × 10 −5 will give a comparable mechanical work (P ∆V ) than in 3 He on its melting curve. Tiny first order transitions may correspond to a 10 −7 or less effect on the volume contraction.
To go back on the hyperfine coupling, it is worthwhile to point out that for Ce only an even stable isotope exists. There is no hyperfine coupling. 40 The different behavior between the CeRu 2 Si 2 serie and YbRh 2 Si 2 may be due to 4f -5d correlations not included in the usual Kondo approaches.
Magnetism and superconductivity
In heavy fermion compounds, superconductivity appears related with magnetic and valence instabilities (P C and P V ). The P and H tunings of the electronic correlations give unique tools in the interplay between magnetism and superconductivity. Recently, careful ac calorimetric experiments 43 were done on the new discovered 115
CeRhIn 5 compound. 44 The great experimental interest of this material is that the optima of their magnetic ordering at T N and superconductivity at T C temperatures are comparable and located in a easy range of temperature (T ∼ 2 K). As shown in figure 6 , AF disappears via a first order transition. In good agreement with this statement, AF never succeeds to superconductivity on cooling. Below P C , the opposite occurs but the superconducting phase 11/16 is gapless. Our proposal is that specific heterogeneities occurs when T N starts to decrease deeply. Here bulk superconductivity and antiferromagnetism may be antagonist. 
governs the release of a 5d itinerant electron.
In the divalent black (B) phase, Sm 2+ S −− is an insulating non magnetic as J = 0 for the 4f 6 Sm 2+ configuration. In the intermediate valent gold (G) phase, the valence v is near 2.7
(v = 2+n f ) right at the first order phase transition at P B−G ∼ 1.2 GPa ; the high temperature behavior corresponds to the disordered regime of a Kondo lattice but at low temperature up to P ∆ ∼ 2 GPa the ground state ends up in a non magnetic insulating phase : D depends on n f . Above P ∆ for v ∼ 2.8, SmS is a metal at T → 0 K ; its metallic behavior is quite analogue to that reported for ordinary heavy fermion compounds.
The simultaneous achievement of a macroscopic ac specific heat measurements 46 and of a microscopic nuclear forward, 4748 scattering experiments (NFS) gives now a complete view of the interplay between valence, electronic conduction and magnetism. Right at P ∆ , evidences were found below NFS for the slow spin motions of a Γ 8 ground state of Sm 3+ above T N F S ≥
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T N . 46, 47 The surprise is that P ∆ = P C i.e magnetic ordering occurs far below the pressure P 3+ where the trivalent state will be reached at P 3+ ≥ 10 GPa 49 (see figure 8) . An explorer at T = 0 K, who can look to changes in volume, conduction and magnetism, will feel large change of volume at P B−G tiny change at P ∆ = P C . He will detect the concomitant variation of the conduction and the magnetism also at P ∆ = P C . If he looks carefully in time, he may find evidences of a sloppy matter between P B−G and P ∆ with unusual spin dynamics reminiscent of the Sm 3+ configuration. At the average below P ∆ no difference seems to occur between the 2+ and 3+ configurations since both present an isotropic paramagnetism with equal sizes for their local susceptibility with either a van Vleck (2+) or a Pauli (3+) origin.
Conclusion
The concept of Kondo impurity gives a huge impact in the physics of quantum complex systems. Its extension to Kondo lattice is already successful at least for the experimentalists.
With slight modifications (insertion of a pseudogap i.e. strong n f dependence of D), it appears possible to track the problem of the consistency between spin and charge motion and to follow some routes in the search for new effects and the discovery of new materials. Of course, in materials sciences, the Kondo engineering label covers also the domain of artificial Kondo nanostructures. We can argue of course on the validity of the engineering addenda to Kondo.
At least, it reinforces that the fundamental open questions remain. Experimentalists can built or look to new electronic and magnetic architectures or devices. In any case, the common 13/16 points are that the initial potential has an atomic origin, the correlation length reaches nanometric size and high purity material with an electronic mean free path above 1000Å can be achieved. Clean experiments have been already achieved and excellent perspectives exist to go behind the standard accepted concepts to enjoy fancy spin and charge motion and even to open new windows for applications. It may be also worthwhile to mention that the goal to elucidate fundamental problems has boosted the development of new instrumentations which have now wide applications from astrophysics cosmology to nanophysics and material siences.
The Kondo problem was a clear challenge which has required new concepts but also huge progress in the observation of low temperature physics.
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